ABSTRACT Selection of a line of White Leghorn chickens for high group productivity and longevity resulted in reducing cannibalism and flightiness in multiple-hen cages. Improvements in survival might have been due to changes of physiological homeostasis. The objective of the present study was to test the hypothesis that genetic selection for high (HGPS) and low (LGPS) group productivity and survivability also altered regulation of neuroendocrine homeostasis. Hens were randomly assigned to individual cages at 17 wk of age. At 21 wk of age, blood concentrations of dopamine, epinephrine, norepinephrine, and serotonin were measured using HPLC assay. Blood concentrations of corticosterone were measured using radioimmunoassay.
INTRODUCTION
Genes determine functions of the neuroendocrine system in controling animal coping strategies and productivities. Selection for phenotypic characteristics associated with specific physiological or behavioral displays, including domestic behavior and reproductive performances, has become a major tool for studying functions of animal neuroendocrine systems and to improve animal well-being (Tecott and Barondes, 1996; Siegel and Dunnington, 1997; Muir and Craig, 1998; Georges, 1999; Kappes, 1999; Koolhaas et al., 1999) .
Effects of selection on behavioral adaptation and productivity have been implicated in functional alterations of the neuroendocrine system in controling the release of endogenous psychotropic compounds, such as serotonin (5-HT), catecholamines [dopamine (DA), epinephrine (EP) and norepinephrine (NE)], and corticosterone 2001 Poultry Science Association, Inc. Received for publication November 15, 2001 . Accepted for publication May 11, 2001. 1 To whom correspondence should be addressed: hwcheng@ purdue.edu.
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The LGPS hens had greater blood concentrations of dopamine and epinephrine than the HGPS hens (P < 0.01). The blood concentration of norepinephrine was not significantly different between the lines, but the ratio of epinephrine to norepinephrine was greater in the LGPS hens (P < 0.01). The blood concentrations of serotonin were also higher in the LGPS hens compared to those in the HGPS hens (P < 0.01). Although the HGPS hens tended to have a higher level of blood corticosterone, the difference was not significant (1.87 ± 0.19 vs. 1.49 ± 0.21 ng/mL; P = 0.08). The results suggest that selection for group productivity and survivability alters the chickens' neuroendocrine homeostasis, and these changes may correlate with its line-unique coping ability to domestic environments and survivability.
(CORT) (Dohms and Metz, 1991; Castanon et al., 1995; Siegel et al., 1999) . Disregulation of these biogenic amines, hormones, including their concentrations and metabolites as well as densities of their receptors, has been associated with abnormal behaviors (Valzelli, 1984; Bell and Hobson, 1994; Popova et al., 1997; Berman and Coccaro, 1998) and altered reproduction (Sharp et al., 1984; Tuomisto and Mannisto, 1985; Barraclough, 1992; Sirotkin and Schaeffer, 1997) . Previous studies in rodents have shown that alterations of the neuroendocrine homeostasis can result from reorganization of the brain structure and function in adaptation to a given environment (de Kloet et al., 1996; Ferris, 2000) , which in turn affects an animal's ability to cope and its well-being. There is evidence that the function of the avian neuroendocrine system in response to stimulation is analogous to that in rodents (Harvey et al., 1984) .
Several species of poultry have been genetically selected for differences in behavioral response to stressors such as open-field exposure (Jones et al., 1992) , physical and manual restraint (Mills and Faure, 1991; Jones and Satterlee, 1996) , and fear of humans (Jones et al., 1994) . Stress-induced avian behavioral sensitivity is based on changes in the neuroendocrine system, including alternative adrenal functions (Brown and Nestor, 1974) and plasma concentrations of CORT (Thompson et al., 1980) . In addition, previous studies have demonstrated that there are hereditable associations between release of hormones and display of physical indexes, such as growth rate, egg production, and semen yield (Bayyari et al., 1997; Nestor et al., 2000) . Collectively, these studies are consistent with the hypothesis that the genotype and phenotype of an animal influence its neuroendocrine reactivation to stimulations, which in turn alters the animal's behavioral adaptability and well-being (Lamont, 1994; Siegel, 1995; Mench and Duncan, 1998) . Understanding the interrelations among genetic factors, domestic behaviors, and neuroendocrine homeostasis in chickens is critical in preventing harmful behaviors and enhancing productivity associated with welfare problems in the poultry industry (Mench, 1992; Craig and Swanson, 1994; Muir and Craig, 1998) .
A line of White Leghorns chickens was developed at Purdue University (Muir, 1996; Craig and Muir, 1996a,b; Muir and Craig, 1998 ) using a genetic selection program termed "group selection" that emphasized group productivity and survivability of families housed in colony cages. Group productivity was based on average rate of lay, and longevity was based on average days of survival up to 60 or 72 wk of age. Chickens were not beak-trimmed and were kept 12 hens per cage in cages illumined at high intensity. The positively selected line (HGPS; previously termed KGB, Kinder and Gentler Bird) has been shown to have improved rate of lay, survival, and feather score as well as reduced cannibalism and flightiness as compared to the nonselected control base population from which the line was developed (Craig and Muir, 1996a,b) . Compared to control and commercial lines, the HGPS line also had better and faster adaptation to various stressors such as social, handling, cold, and heat (termed selection line, Hester et al., 1996a,b,c) . The reverse-selected hens (LGPS line) were selected for the lowest group productivity and shortest survivability resulting from cannibalism (Cheng et al. 2001) . The HGPS hens exhibited greater cell mediated immunity, whereas the LGPS hens had heterophilia and a greater heterophil to lymphocyte ratio (Cheng et al., 2001) . Collectively, genetic selection has created lines with significantly different phenotypes, each of which has unique characteristics in physical indexes, domestic behavior, responsiveness to stressors, and immunity, which could be reflected in differing capacity to regulate the neuroendocrine system; however, the hypothesis has not been tested. The objective of the present experiment was to determine the effect of genetic selection on concentrations of 5-HT, DA, EP, NE, and CORT and to evaluate how these changes are related to the well-being of the chicken in response to stress.
MATERIAL AND METHODS

Development of the Genetic Lines
The first seven generations of selection for the HGPS line was previously reported by Muir (1996) . The eighth generation was produced from mating 1,248 hens with 312 roosters selected at random from 20-wk-old pullets and roosters of the seventh generation. Eggs were collected and hatched as described previously (Muir, 1996) . At 18 wk of age, 9,216 pullets were housed by half-sib family in 768 12-hen cages, which was the base population and was used as a control line in the study. After 52 wk of production (72 wk of age), hens from 12 cages with the highest group productivity (egg number) and the lowest mortality from cannibalism and flightiness, along with their full-and half-sib brothers, were selected for the HGPS line. To establish a comparison line, hens from 12 cages with the lowest group productivity and the highest mortality, along with their full-and half-sib brothers, were used to establish a reverse selected LGPS line.
Hens were randomly mated within each line, four hens per rooster, avoiding full or half-sib mating, to reproduce the ninth generation of the HGPS and the LGPS lines that was used as the genetic material for this research. The details of the selection technology and rearing program have been reported previously (Muir, 1996) . Pullets of each genetic line were not-beak trimmed. They were reared under the same conditions, hatched, vaccinated against Marek's and Newcastle disease, and maintained using standard management practices in raised wire cages up to 17 wk of age. At 17 wk of age, hens from each line were randomly assigned to single-hen cages, each providing 1,085 cm 2 per hen. Feed and water were provided ad libitum. Overhead lights were on daily from 0700 until 1900 h initially and were increased by 15 min/ wk. Light duration was at 13 h daily when the study was performed.
Chicken care guidelines were in strict accordance with the rules and regulations set by Federation of Animal Science Societies (Craig et al., 1999) . Experimental protocols were approved by the institutional Animal Care and Use Committee at Purdue University. Efforts were made to minimize animal suffering and the number of animals used.
Blood Sampling
Based on previous observations, the main behavioral adaptation of the HGPS hens in responses to social stress became stable after the first 3 wk (Craig and Muir, 1996a,b) . At 21 wk of age, 12 replicates of 24 hens from the HGPS and LGPS lines, without a plumped egg confirmed by palpating, were bled between 0900 and 1000 h (Savory and Mann, 1997) . A 5-mL blood sample was collected into a heparinized tube from the brachial vein of each hen within 2 min of removal from its cage. Whole blood was used to measure concentrations of 5-HT. For measuring concentrations of catecholamines and CORT, blood samples were centrifuged at 700 × g for 15 min at 20 C. Plasma was kept on ice for further processing or kept at −80 C until measurement.
HPLC Assay
To measure blood concentrations of catecholamines, a plasma catecholamine analysis kit 2 was used. Duplicate plasma samples were acidified with 4 M perchloric acid, followed by deproteinization with the supplied reagent. After centrifugation, the acid supernatants with internal standard dihydrocybenzylamine were added and absorbed onto an alumina minicolumn to bind the catecholamines. HPLC columns were then rinsed and eluted with the supplied solutions. Following injection of eluents into the reverse-phase columns, catechols were detected by liquid chromatography with electrochemical detection. The mobile phase flowed rate was 1.3 mL/min. The concentrations of DA, EP, and NE were calculated from a reference curve made using supplied standards.
To measure blood concentration of 5-HT, whole blood samples were acidified in duplicate using 4 M perchloric acid and freshly prepared 3% ascorbic acid. After centrifugation, the acid supernatants were injected onto the columns. The mobile phase flow rate was 1.0 mL/min., and the concentration of 5-HT was calculated from a reference curve made using standard 5-HT.
Radioimmunoassay
Total plasma CORT was measured in triplicate using a commercial 125 I CORT radioimmunoassay kit 3 with a modification based on company suggestion for use in chicken samples. To validate parallelism and recovery in chickens, adjustments of dilution to 1 to 5, were made, i.e., 20-µL sample to 80-µL steroid diluent. The concentration of CORT was calculated from a reference curve that ranged from 0.1 ng/mL (95.4% binding) to 4.0 ng/mL (14.9% binding), and the correlation coefficient was 0.9995. Recovery of exogenous CORT was determined by adding known amounts of unlabeled CORT to aliquots steroid diluent to produce theoretical concentrations of 0.5, 1.0, and 2.0 ng/mL and to result in recovered concentrations of 0.48, 1.08, and 1.97 ng/mL, respectively. The sensitivity of the assay was 0.02 ng/mL. All samples within the experiment were analyzed at same time. Within-and between-assay coefficients of variation were 7.6% and 9.8%, respectively.
Statistical Analysis
The experimental design was a completely randomized with genetic lines as the main effect and cages as the experimental unit. Differences between lines were determined using a single degree of freedom F-test. Means within a row with no common superscript differ significantly (P < 0.05).
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The HGPS and LGPS lines were selected from high and low productivity and survivability, respectively, resulting from cannibalism and flightiness.
RESULTS AND DISCUSSION
Line differences in blood concentrations of 5-HT, DA, and EP were found (Tables 2 and 3 ), which provided evidence that genetic selection for group productivity and survivability with reduced cannibalism and flightiness results in alterations in the regulation of the neuroendocrine system. The data are consistent with previous findings that domestication of animals is associated with hereditary reorganization of the neuroendocrine system (Naumenko et al., 1987; de Kloet et al., 1996; Ferris, 2000) and changes in neurochemical homeostasis (Bilzard et al., 1983; Balaban et al., 1996; Crusio, 1996; Davidson et al., 2000; Oquendo and Mann, 2000) . These changes in the neuroendocrine functions were also associated with the line's unique productivity and survivability (Table 1) .
Associations of Line Differences in Physical Indexes and Blood Concentration of Catecholamines
Dopamine. Dopamine is involved in controling domestic behaviors (Bell and Hepper, 1987; Haller et al., 1997; Kuikka et al., 1998) and regulation of productivity (Sotowska-Brochocka et al., 1994) . Abnormalities of blood and brain DA systems are associated with disfunctional behavior as well as with a decline in ability to cope with stress (Driscoll et al., 1998; Kuikka et al., 1998) . In agreement with these findings, the HGPS hens, selected for high survivability with reduced cannibalism and flightiness, had a significantly less blood DA (Table 2) and better and quicker adaptation to various stressors (Hester et al., 1996a,b) . In addition, the lower blood DA in the HGPS hens was also associated with sedate and passive behaviors . In contrast, The LGPS hens had greater blood DA concentrations (Table 2), which could be linked to the specific reorganization of behaviors such as cannibalism, resulting in higher mortality (Table 1) .
The present findings are consistent with heritable variation of DA concentrations reflected in individual coping strategies (Benus et al., 1991; Vogel and Harris, 1991; Driscoll et al., 1998) . Similar to the present findings, higher concentrations of DA were also found in the brains of Japanese quail with aggressive behavior (Edens, 1987) and were in the selected brain regions of humans and rodents following aggressive or defensive activities (Lewis et al., 1994; Miczek et al., 1994; Kuikka et al., 1998; Mersmann, 1998) . Increased DA activity was also found in Roman rats selected for high avoidance, but not in their counterparts, associated with increased locomotor activities, a marker of anxiety and stressful status (Corda et al., 1997) . Based on the present and previous observations, the selection-induced differences in dopaminergic and survivability could be interpreted as evidence that coping strategies of the selected breeds are based on inheritance pattern and phenotypic correlations of behavioral, physiological, and neuroendocrine variables (Castanon et al., 1995) . In the present strains selection may directly or indirectly influence regulation of the dopaminergic system and, in turn, activation of the DA system to favor survival behavior in the HGPS hens.
Greater blood concentrations of DA in the LGPS hens with lower productivity (Table 1 and 2) are consistent with the hypothesis that the dopaminergic system is one of the main inhibitory neuronal systems that controls development of the reproductive systems (Becu-Villalobos and Libertun, 1995) and productivity (Sotowska-Brochocka et al., 1994) . Although identification of mechanisms that underlie the inhibitory effects of DA on productivity in the present lines is unclear, previous research findings suggest that regulation might be related to genetic selection-induced changes in physiological functions of the neuroendocrine system, including the hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes. For example, endogenous DA secreted in the hypothalamus exhibits tonic inhibition of the secretion of luteinizing hormone-releasing hormone (Contijoch et al., 1992) and luteinizing hormone (Martin et al., 1981) . Whether or not there are similar functions of DA in regulating reproduction in the present lines is unclear. Our results suggest that group selection for productivity between the HGPS and LGPS lines also alters functions of the dopaminergic system. Epinephrine and Norepinephrine, As "stress hormones," both EP and NE participate in many physiologic and pathologic processes, including regulation of emotion and motivation in response to stimulations. Changes in EP and NE levels, as well as the ratio of EP:NE have been used as indicators of the "organisms" well-being and ability to cope with stress (Goldstein, 1981; Dillon et al., 1992) . Consistent with this hypothesis, the present study showed that the changes in blood concentrations Means within a column with different superscript are statistically different (P < 0.01).
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of EP and ratio of EP:NE between the HGPS and LGPS hens were correlated with differences in productivity and mortality from cannibalism and flightiness (Tables 1 and  2 ). The major factor causing a greater EP:EN ratio in LGPS hens was higher concentrations of EP, as there was no significant difference in the concentration of NE between the lines (Table 2) . A similar upregulation of EP concentration was found in turkeys that were selected for higher adrenal response to cold stress (Brown and Nestor, 1974) . Turkeys of that line also, similar to the LGPS hens, laid significantly fewer eggs, were hyperactive, and had poorer feed efficiency. These data support the hypothesis that phenotypic variation of concentrations of EP and EP:NE ratio, in response to selection, may reflect individual coping strategies that control changes in an animal's behavioral patterns.
Associations of Line Differences in Physical Indexes and Blood Concentrations of Serotonin
The role of serotonin is to modulate behavioral and physiological processes, including feeding, sexual, and behavioral (Jernej and Cicin-Sain, 1990; Cook and Leventhal, 1996; Olivier et al., 1998) . Abnormalities of blood and brain 5-HT and its metabolite 5-hydroxyindoleasetic acid, as well as the density of its receptors, have been used as major indicators to evaluate alterations in behavioral adaptability and reproduction (Bell and Hobson 1994; Popova et al., 1997; Maswood et al., 1998) .
In the central nervous system, 5-HT functions to inhibit aggression, thereby controling domestic behavior (Popova et al., 1975) . Depletion or decrease of 5-HT concentrations and the ratio of 5-hydroxyindoleasetic acid:5-HT have been implicated in dysfunctional behaviors, including aggressiveness and violence in humans and animals (Higley et al., 1996; Unis et al., 1997; Parmigiani et al., 1999; Popova et al., 1999) and cannibalism in rats (Barofsky et al., 1983) .
In the peripheral system, however, biological roles of 5-HT in behavioral adaptation and motivational regulation are unclear. Decreased, increased, and unchanged blood 5-HT concentrations have been found in association with behavioral dysfunctions, including aggressiveness (Hanna et al., 1995; Moffitt et al., 1998) . The conflicting data from different investigations could be related to different genetic selection programs, species, behavioral evaluations, and stressors used as well as duration and frequency of stressor presentation. The present data showed that higher blood 5-HT levels were associated with lower survivability resulting from higher cannibalism in the LGPS hens (Table 1 and 2). Similar correlations, i.e., positive associations of blood 5-HT levels and aggressiveness, were also found in adolescents with behavioral conduct disorder (Cook and Leventhal, 1996; Unis et al., 1997) and in dominant male monkeys (Steklis et al., 1986; Raleigh et al., 1991) . Values of blood 5-HT have been used as a heritably stable biological parameter in rodents (Jernej and Cicin-Sain, 1990 ). However, in poultry, further studies are needed to evaluate whether blood concentration of 5-HT could serve as a biological trait marker for domestic behaviors.
Whether higher concentrations of 5-HT in blood in the LGPS line represent the same changes of 5-HT occurring in the brain is unclear, as 5-HT cannot pass the brainblood barrier (Pietraszek et al., 1992) and is regulated differently in the central nervous system and peripheral tissues (Popova et al., 1978; Lampugnani et al., 1986; Pietraszek et al., 1992) . Although previous studies have shown that supplemental tryptophan, a precursor of 5-HT, decreases aggression in feed-restricted male chickens (Shea et al., 1991) , the effect of tryptophan on modification of aggression was related to centrally enhanced neuronal firing rather than a peripheral increase 5-HT resulting from conversion of tryptophan (Shea et al., 1990) . Steklis et al. (1986) also found that, in dominant monkeys, even though they had higher concentrations of blood 5-HT, a deletion of central 5-HT was found, which was associated with their aggressive behaviors. Although a similar correlation of selection-induced different changes of 5-HT systems between the CNS and periphery could have occurred in the LGPS hens, further studies are needed to determine whether different regulations of the peripheral and central nervous systems are present in these lines.
The finding that the LGPS hens, compared to the HGPS hens, had higher concentrations of circulating 5-HT but lower productivity (Table 1 and 2) is consistent with the reports that 5-HT has a tonic, inhibitory effect on sexual behavior and reproduction (Sirotkin and Schaeffer, 1997) , such as inhibition of luteinizing hormone secretion and ovulation (Nagatsuka, 1983; Morello et al., 1992; Lorrain et al., 1998) . The effects of 5-HT on sexual behavior were positively correlated to stimulation of the pre-optic area and median eminence of the hypothalamus (Gonzalez et al., 1997) and were differentially regulated by 5-HT receptors (Wilson and Hunter, 1985) in rodents. At present, the cellular mechanisms that genetically regulate productivity between the selected lines are unclear; however, they may be the same mechanisms as those found in rodents. There is evidence that the functions of the avian neuroendocrine system that control stimulators are analogous to those in rodents (Harvey et al., 1984) . In addition, there are similar distributions of neurotransmitter receptors, including 5-HT receptors, in avian and mammals (Richfield et al., 1987; Walker et al., 1991) . Means within a column with different superscript are statistically different (P < 0.01).
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Associations of Line Differences in Physical Indexes and Blood Concentrations of Corticosterone
Corticosterone, as one of the "stress hormones," has multifunctional roles in normal and abnormal states, including regulation of an organism's behavioral patterns, coping styles, and well-being (Savory and Mann, 1997; Haller et al., 2000) .
The concentrations of CORT in the HGPS hens were not significantly higher than those of the reverse-selected line (Table 3; 1.87 vs. 1.49 ng/mL; P = 0.08). The lack of an effect of selection on blood concentrations of CORT in the present chicken strains could be due to heritable acclimation, as the strains were originally selected from the colony caged under continuous exposure to social stress, or to maintenance of chickens at nonstressful single-hen cages. Similarly, Hester et al. (1996b) found no significant difference between the selected and control lines on plasma CORT concentrations in response to acute heat stress, which may be related to acclimation caused by prior repeated stress, including social, cold, and fear stress. In addition, other researchers have shown that prolonged or repeated exposures to stressors could lead to decreased adrenal responsiveness, reduce the mass of the adrenals, and decrease CORT secretion, even though they initially produced great increases in plasma CORT (Gross and Siegel, 1979; Siegel and Gould, 1982; Jones et al., 1998) . In a review of previous studies, Siegel (1995) suggested that concentrations of CORT may be better indicators of acute or life-threatening stress and that endorgan responses such as heterophils:lymphocytes (H:L) ratios may be better indicators of chronic stress. In agreement with this hypothesis, our present and previous results (Cheng et al., 2001) showed an effect of selection on circulating heterophils and H:L ratios with no effect on CORT in the selected lines, as the LGPS hens had heterophilia and a greater ratio of H:L.
The differences in blood concentrations of 5-HT, DA, and EP in the present strains may be due to housing chickens in single-hen cages, as they were selected on a multiple-hen condition, and isolation has been determined to be a stressor. However, it is unlikely in the present study, because the hens were not completely separated from each other, as they not only could see but also could touch each other through the wire cages. Fur-thermore, previous studies with single-hen vs. multiplehen cages have shown that there was no difference in the H:L ratio in the selected line (Hester et al., 1996b) . The H:L ratio has been used as an indicator of stress status in chickens (Gross and Siegel, 1983; Beuving et al., 1989; Maxwell, 1993) .
In conclusion, the present study demonstrates that genetic selection for high and low group productivity and longevity with alterations in cannibalism and flightiness affected the regulations of the neuroendocrine system. There were line differences for blood concentrations of 5-HT, DA, and EP. The present findings further support the hypothesis that changes in domestic animal behaviors and productive performances resulting from selective breeding likely reflect changes in the link between the nervous and endocrine systems. The unique homeostatic characteristics of each selected line may provide a neurobiological basis for investigating effects of genetic factors on physiological functions of biogenic amines involved in productivity and longevity as related to domestic behavior.
